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Abstract
General properties of the differential cross section and of the polarization observ-
ables are derived for the e+ + e− → N + N¯ reaction, in presence of two–photon
exchange. Polarization effects are investigated for longitudinally polarized electron
and polarized antinucleon and/or polarized nucleon in the final state. The single–
spin asymmetry induced by the transverse polarization of the electron beam is also
discussed.
1 Introduction
The measurement of the nucleon electromagnetic form factors (FFs) in the
space–like (SL) region of momentum transfer squared has a long history [1].
The electric and magnetic FFs were traditionally determined using the Rosen-
bluth separation [2], based on the measurement of the unpolarized differential
cross section, for different angles, at the same momentum transfer. More re-
cently, the polarization transfer method [3], which requires longitudinally po-
larized electron beam and the measurement of the recoil proton polarization,
could be applied [4]. It turned out that the ratio of the proton electric and
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magnetic FFs determined by the two methods, which are based on the same
physics (one–photon exchange mechanism), lead to appreciably different re-
sults, and this difference is increasing with Q2, the four– momentum transfer
squared [5]. One possible explanation for this discrepancy is the presence of a
two–photon exchange (TPE) contribution to the elastic electron–nucleon scat-
tering [6–8]. Model independent properties of TPE in elastic electron–proton
scattering have been derived in Ref. [9], where it was shown that the presence
of such mechanism destroys the linearity of the Rosenbluth fit. No deviation
from linearity is observed in the available data (in the limit of their precision)
[10]. A previous study on deuteron target [11] focussed already the attention
to this problem, following a discrepancy observed in two precise experiments
on electron deuteron elastic scattering [12,13].
Estimates of the TPE contribution to the elastic electron–deuteron scattering
were made in Refs. [14,15] within the framework of the Glauber theory. It
was shown [14] that this contribution decreases very slowly with momentum
transfer squared q2 and may dominate the cross section at high q2 values. Since
the TPE amplitude is essentially imaginary, the difference between positron
and electron scattering cross sections depends upon the small real part of
the TPE amplitude [14]. Recoil polarization effects may be substantial, in the
region where the one– and two–photon exchange contributions are comparable.
If the TPE mechanism become sizeable, the straightforward extraction of FFs
from the experimental data would no longer be possible [14]. It is known
that double scattering dominates in collisions of high–energy hadrons with
deuterons at high q2 values [15], and in this paper it was predicted that the
TPE effect in the elastic electron–deuteron scattering represents a 10 % effect
at q2 ∼= 1.3 GeV2. At the same time the importance of the TPE mechanism
was considered in Ref. [16]. The fact that the TPE mechanism, where the
momentum transfer is shared between the two virtual photons, can become
important with increasing q2 value was already indicated more than thirty
years ago [14–16].
Experimental investigation of nucleon FFs in the time–like (TL) region could
shed new light on this problem and bring additional valuable information on
the internal nucleon structure. In TL region the nucleon FFs can be accessed
through the reactions e+ + e− → N + N¯ or N¯ +N → e+ + e−.
The data on nucleon FFs in TL region are scarce and the determination of
the individual electric and magnetic FFs is prevented by the statistics that
it is possible to achieve [17]. A short review of the present status in this
field of investigations can be found in Ref. [18]. Unexpected results have been
observed in the measurements of the nucleon FFs in the TL region (although
the accuracy of the data is poor): the proton magnetic FF is smaller than
the neutron one in the kinematical region covered by the experiments and
the TL proton magnetic FF is considerably larger than the corresponding SL
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quantity.
The neutron FFs were measured by the FENICE collaboration [19], using the
ADONE e+e− collider in Frascati up to q2 ≈6 GeV2. The proton FFs were
measured in a more broad region of q2 values. The differential cross section
for p¯ + p → e+ + e− was measured by the Fermilab experiment E835 in the
region of large q2, up to q2=18.22 GeV2 [17].
Recent and planned experiments focus on the TL region. Preliminary data
from BaBar [20], using the radiative return, show surprising features as, for
example, that the ratio GE/GM is larger than one, in contradiction with po-
larization data from the SL region, and with previous TL data [21]. Moreover,
TL FFs, still extracted under the hypothesis |GE| = |GM |, do not follow
smoothly the asymptotic behavior predicted by QCD but show a few struc-
tures as a function of a q2. At the future antiproton facility, at GSI, a precise
separation of FFs is planned [22] as well as polarization measurements [23].
These ones will firstly allow to measure the relative phase of FFs, which are
complex in the TL region. New measurements are also planned at Frascati,
after an upgrade of DAΦNE [24], in particular for neutrons. The possibilty
of accessing polarization observables is under study.
The reactions e+ + e− → N + N¯ and N + N¯ → e+ + e− are the crossing
channel reactions of elastic electron–nucleon scattering. FFs describing the
annihilation channel are assumed to be the analytical continuation of the SL
ones. From crossing symmetry one expects that the reaction mechanisms are
common for the scattering and the annihilation channels. This concerns, in
particular, the problem of the TPE contribution.
Theoretically the reaction e++ e− → N + N¯ was studied in a few papers. The
dependence of the polarization of the emitted baryons in e++ e− → B+ B¯ on
the polarization of colliding e++e−-beams was firstly discussed in Ref. [25]. All
polarization effects for baryons with spin 1/2 were calculated, assuming one–
photon exchange approximation. Numerical estimates of polarization effects
were given for the nucleons, on the basis of two different versions of a VMD
model. Polarization effects appear to be very sensitive to the choice of the
nucleon FFs parametrization and are rather large in absolute value.
The existence of the T–odd single–spin asymmetry normal to the scattering
plane requires a non–zero phase difference between the electric and magnetic
FFs. The measurement of the polarization of one of the outgoing nucleons
allows to determine the phase of the ratio GE/GM . In Ref. [26] it was also
shown that measurements of the proton polarization in e++e− → p+p¯ reaction
strongly discriminate between the analytic forms of different models suggested
to describe the proton data in the SL region. In Ref. [27] it was shown that this
statement holds for other models, for double–spin polarization observables as
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well, and for the angular asymmetry, defined with respect to the cross section
at 900.
We derive here the expressions for the differential cross section and various
polarization observables for the case when the matrix element of the reaction
e++e− → B+B¯ contains TPE contribution. The parametrization of the TPE
term follows from the analytic continuation to the TL region of the approach
used in the SL region in Refs. [9,28,29].
The spin structure of the matrix element of the e+ + e− → N + N¯ reaction is
parametrized in terms of three independent complex functions depending on
two variables (energy and angle) rather than in terms of the standard nucleon
FFs.
This analysis follows the same steps as in Ref. [30], where model independent
properties of TPE were studied for the inverse reaction p + p¯ → e+ + e−
and polarization observables were derived using tensor parametrization for
the TPE term. The purpose of this paper is to give explicit formulae for
the observables, which will be useful for future experiments, as planned, for
example, in Frascati [24] and Novosibirsk [31]. We analyze the properties of
the single– and double–spin observables derived for the axial parametrization
of the TPE term.
2 Differential cross section
The matrix element of the reaction e+ + e− → N + N¯ can be obtained by
analytic continuation of the matrix element for the elastic electron–nucleon
scattering [9,32], parametrizing the TPE contribution in axial form:
M = −e
2
q2
{
u¯(−k2)γµu(k1)u¯(p2)
[
F1N(q
2, t)γµ − 1
2m
F2N (q
2, t)σµνqν
]
u(−p1)+
+u¯(−k2)γµγ5u(k1)u¯(p2)γµγ5u(−p1)AN (q2, t)
}
, (1)
where k1 (k2) and p1 (p2) are the four–momenta of the electron (positron) and
antinucleon (nucleon), respectively; q = k1 + k2 = p1 + p2, m is the nucleon
mass.
The three complex amplitudes, F1N,2N (q
2, t) and AN(q
2, t), which generally are
functions of two independent kinematical variables, q2 and t = (k1−p1)2, fully
describe the spin structure of the matrix element for the reaction e+ + e− →
N + N¯ - for any number of exchanged virtual photons.
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This expression (1) holds under assumption of the P–invariance of the elec-
tromagnetic interaction and conservation of lepton helicity, which is correct
for standard QED at the high energy, i.e., in zero electron mass limit. Note,
however, that expression (1) is one of the many equivalent representations of
the e+ + e− → N + N¯ reaction matrix element.
In the Born (one–photon–exchange) approximation these amplitudes reduce
to:
FBorn1N (q
2, t) = F1N(q
2), FBorn2N (q
2, t) = F2N (q
2), ABornN (q
2, t) = 0, (2)
where F1N (q
2) and F2N(q
2) are the Dirac and Pauli nucleon electromagnetic
FFs, respectively, and they are complex functions of the variable q2. The
complexity of FFs arises from the final–state strong interaction of the produced
NN¯−pair. In the following we use the standard magnetic GMN(q2) and charge
GEN(q
2) nucleon FFs which are related to FFs F1N(q
2) and F2N (q
2) as follows
GMN = F1N + F2N , GEN = F1N + τF2N , τ =
q2
4m2
, N = p, n. (3)
By analogy with these relations, let us introduce a linear combinations of the
F1N,2N (q
2, t) amplitudes which in the Born approximation correspond to the
Sachs FFs GMN and GEN :
G˜MN(q
2, t) =F1N (q
2, t) + F2N (q
2, t),
G˜EN(q
2, t) =F1N (q
2, t) + τF2N (q
2, t). (4)
To separate the effects due to the Born and TPE contributions, let us single
out the dominant contribution and define the following decompositions of the
amplitudes
G˜MN(q
2, t) =GMN(q
2) + ∆GMN(q
2, t),
G˜EN(q
2, t) =GEN(q
2) + ∆GEN(q
2, t). (5)
∆GMN(q
2, t),∆GEN(q
2, t), andAN(q
2, t) are of the order of∼ α, whileGMN(q2)
and GEN(q
2) are of the order of ∼ α0. Since the terms ∆GMN , ∆GEN and AN
are small in comparison with the dominant ones, we neglect in the following
the bilinear combinations of these terms.
We can rewrite the matrix element (1) explicitating the vector and the axial
terms as:
M = −e
2
q2
(
j(v)µ J
(v)
µ + j
(a)
µ J
(a)
µ
)
, (6)
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where
j(v)µ = u¯(−k2)γµu(k1), J (v)µ = u¯(p2)
[
G˜MNγµ − G˜MN − G˜EN
m(1− τ) Pµ
]
u(−p1),
j(a)µ = u¯(−k2)γµγ5u(k1), J (a)µ = u¯(p2)γµγ5u(−p1)AN ,
and P = (p2 − p1)/2.
Then the differential cross section of the reaction e+ + e− → N + N¯ can be
written as follows in the centre of mass system (CMS):
dσ
dΩ
=
α2β
4q6
[
L(v)µνH
(v)
µν + 2Re(L
(i)
µνH
(i)
µν )
]
, (7)
L(v)µν = j
(v)
µ j
(v)∗
ν , L
(i)
µν = j
(a)
µ j
(v)∗
ν , H
(v)
µν = J
(v)
µ J
(v)∗
ν , H
(i)
µν = J
(a)
µ J
(v)∗
ν ,
where β is the nucleon velocity in the reaction CMS, β =
√
1− 4m2/q2, and
we neglected the terms proportional to A2N .
The leptonic tensors for the case of longitudinally polarized electrons have the
forms
L(v)µν =−q2gµν + 2(k1µk2ν + k1νk2µ) + 2iλe < µνqk2 >,
L(i)µν =−2i < µνk1k2 > +λe[q2gµν − 2(k1µk2ν + k1νk2µ)], (8)
where < µνab >= εµνρσaρbσ and λe is the degree of the electron longitudi-
nal polarization. The other components of the electron polarization lead to a
suppression by a factor me/m, where me is the electron mass.
Taking into account the polarization states of the produced baryon and an-
tibaryon, the hadronic tensors can be written as a sum of three contributions:
H(k)µν = H
(k)
µν (0) +H
(k)
µν (1) +H
(k)
µν (2), k = v, i, (9)
where the tensor H(k)µν (0) describes the production of unpolarized particles,
the tensor H(k)µν (1) describes the production of polarized nucleon or antinu-
cleon and the tensor H(k)µν (2) corresponds to the production of both polarized
particles, N and N¯ .
Let us firstly consider the production of unpolarized NN¯− pair as a result of
annihilation of unpolarized e+e−− pair. In this case the general structure of
the hadronic tensors can be written as
H(v)µν (0) = H1g˜µν +H2PµPν , H
(i)
µν (0) = −4iANG∗MN < µνp1p2 >, (10)
6
where g˜µν = gµν − qµqν/q2. One can get the following expressions for these
structure functions when the hadronic current is given by Eq. (1)
H1=−2q2(|GMN |2 + 2ReGMN∆G∗MN), (11)
H2=
8
τ − 1
[
|GEN |2 − τ |GMN |2 + 2ReGEN∆G∗EN − 2τReGMN∆G∗MN
]
.
The differential cross section of the reaction e+ + e− → N + N¯ , for the case
of unpolarized particles, has the form
dσun
dΩ
=
α2β
4q2
D, (12)
with
D = (1 + cos2 θ)(|GMN |2 + 2ReGMN∆G∗MN) +
1
τ
sin2 θ(|GEN |2+
+2ReGEN∆G
∗
EN)−
4
τ
√
τ(τ − 1) cos θReGMNA∗N ,
where θ is the angle between the momenta of the electron and the detected
antinucleon, in the e+ + e− → N + N¯ reaction CMS. Note that Eq. (12) was
obtained neglecting the terms of the order of α2 compared to the dominant
(Born approximation) terms. In the one–photon–exchange limit the expression
(12) coincides with the result obtained for the differential cross section in Ref.
[25]. The TPE contribution brings three new terms which are all of the order
of α compared to the Born contribution.
At the threshold of the reaction, q2 = 4m2, the equality GMN = GEN = GN
holds (this relation follows from the definition (3)) and the Eq. (12) reduces
to
dσthun
dΩ
=
α2β
2q2
Dth,
Dth = |GN |2 +ReGN(∆G∗MN +∆G∗EN) + cos2 θReGN(∆G∗MN −∆G∗EN).
As it was shown in Ref. [29], symmetry properties of the amplitudes with
respect to the cos θ → − cos θ transformation can be derived from the C
invariance of the considered 1γ ⊗ 2γ mechanism:
∆GMN,EN(cos θ) = −∆GMN,EN(− cos θ), AN(cos θ) = AN(− cos θ). (13)
Let us consider the situation when the experimental apparatus does not dis-
tinguish the nucleon from the antinucleon. Then we measure the following
sum of the differential cross sections
dσ+
dΩ
=
dσ
dΩ
(cos θ) +
dσ
dΩ
(− cos θ).
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We can stress, using the properties (13), that this quantity does not depend on
the TPE terms. This statement agrees with the conclusion of the paper [33]:
for processes of the type e+ + e− → a+ + a−, if the apparatus which detects
the final particles does not distinguish the particle a+ from the particle a−,
then the interference term between the matrix elements corresponding to the
one–photon and two–photon exchange diagrams does not contribute to the
cross section.
Note also that the TPE terms do not contribute to the total cross section of
the reaction e+ + e− → N + N¯ , which can be written as
σt(q
2) =
4π
3
α2β
q2
[
|GMN(q2)|2 + 1
2τ
|GEN(q2)|2
]
. (14)
On the other hand, the relative contribution of TPE mechanism is enhanced
in the following angular asymmetry
A(q2, θ0) =
σ(q2, θ0)− σ(q2, π − θ0)
σ(q2, θ0) + σ(q2, π − θ0) , (15)
where the quantities σ(q2, θ0) and σ(q
2, π − θ0) are defined as follows
σ(q2, θ0) =
θ0∫
0
dσ
dΩ
(q2, θ)dΩ, σ(q2, π − θ0) =
pi∫
pi−θ0
dσ
dΩ
(q2, θ)dΩ.
Using the symmetry relations (13) one can obtain for the asymmetry A(q2, θ0)
the following expression
A(q2, θ0) =
2
d
θ0∫
0
dcosθ
[
(1 + cos2θ)ReGMN (q
2)∆G∗MN(q
2, cosθ)
+
sin2θ
τ
ReGEN(q
2)∆G∗EN(q
2, cosθ)
−2
τ
√
τ(τ − 1)cosθReGMN (q2)A∗N(q2, cosθ)
]
, (16)
where the quantity d is
d =
1− x0
3
[
(4 + x0 + x
2
0)|GMN |2 +
1
τ
(2− x0 − x20)|GEN |2
]
, x0 = cosθ0.
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The TPE contributions can be removed considering the sum of the quantities
σ(q2, θ0) and σ(q
2, π − θ0). As a result we have
Σ(q2, θ0) = σ(q
2, θ0) + σ(q
2, π − θ0) = πα
2
q2
βd. (17)
The terms of the order of α2 are everywhere neglected.
3 Single–spin polarization observables
Let us consider single–spin observables and calculate the hadronic tensors
when the produced antinucleon is polarized. One finds
H(v)µν (1)=
2
m
1
τ − 1
[
im2(τ − 1)|G˜MN |2 < µνqs1 > +
iReG˜MN (G˜EN − G˜MN)∗(< νp2p1s1 > Pµ− < µp2p1s1 > Pν) +
ImG˜MNG˜
∗
EN(< νp2p1s1 > Pµ+ < µp2p1s1 > Pν)
]
,
H(i)µν (1)=mAN
[
(G˜MN + G˜EN)
∗(s1µp2ν + s1νp2µ) +
(G˜MN − G˜EN)∗(s1µp1ν + s1νp1µ)−
(G˜MN + G˜EN)
∗(s1µp1ν − s1νp1µ)− (18)
(G˜MN − G˜EN)∗(s1µp2ν − s1νp2µ)−
2q · s1G˜∗MNgµν −
2
m2
q · s1
1− τ (G˜MN − G˜EN)
∗p1µPν
]
,
where s1µ (s1 · p1 = 0) is the antinucleon polarization four–vector.
The polarization four–vector of a particle, of mass m and energy E, in the
system where its momentum is ~p, is connected with the polarization vector ~χ
in its rest frame by a Lorentz boost
~s = ~χ+
~p · ~χ~p
m(E + p)
, s0 =
1
m
~p · ~χ.
Let us define a coordinate frame in CMS of the reaction e+ + e− → N + N¯
where the z axis is directed along the momentum of the antinucleon (~p), the
y axis is orthogonal to the reaction plane and directed along the vector ~k× ~p,
(~k is the electron momentum), and the x axis forms a left–handed coordinate
system. Therefore, the components of the unit vectors are: ~ˆp = (0, 0, 1) and
~ˆk = (− sin θ, 0, cos θ) with ~ˆp · ~ˆk = cos θ.
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Note that, unlike elastic electron–nucleon scattering in the Born approxima-
tion, the hadronic tensor H(v)µν (1) in the TL region contains a symmetric part
even in the Born approximation due to the complexity of the nucleon FFs.
Taking into account the TPE contribution leads to antisymmetric terms in the
H(i)µν (1) tensor. So, these terms lead to non–zero polarization of the outgoing
antinucleon (the initial state is unpolarized), which can be written as
Py =
2sinθ√
τD
{
cosθ [ImGMNG
∗
EN + Im(GMN∆G
∗
EN −GEN∆G∗MN)]−
−
√
(τ − 1)
τ
ImGENA
∗
N
}
. (19)
In the one–photon–exchange (Born) approximation this expression gives the
well known result for the polarization Py obtained in Ref. [25]. One can see
also that
- The polarization of the outgoing antinucleon in this case is determined by
the polarization component which is perpendicular to the reaction plane.
- The polarization, being T–odd quantity, does not vanish even in the one–
photon–exchange approximation due to the complexity of the nucleon FFs
in the TL region (to say more exactly, due to the non–zero difference of the
phases of these FFs). This is principal difference with the elastic electron–
nucleon scattering.
- In the Born approximation this polarization becomes equal to zero at the
scattering angle θ = 900 (as well at θ = 00 and 1800). The presence of the
TPE contributions leads to a non–zero value of the polarization at this angle
and it is determined by a simple expression
Py(90
0) = −2
√
τ − 1
τD¯
ImGENA
∗
N , D¯ = D(θ = 90
0).
Here the function AN is also taken at the value θ = 90
0. This quantity expected
to be small due to the fact that it is determined by the interference of the one–
photon and two–photon exchange amplitudes and may be of the order of α.
The measurement of this polarization at θ = 900 can give information about
the TPE contribution and its behaviour as a function of q2.
In the threshold region we can conclude that in the Born approximation this
polarization vanishes, due to the relation GEN = GMN which is valid at the
threshold. The TPE contributions induces a non zero polarization, which is
determined by a simple formula
P thy (θ) =
sin2θ
Dth
ImGN (∆GEN −∆GMN)∗.
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Note that, at threshold, this polarization can still vanish if ∆GEN = ∆GMN .
In this case the differential cross section does not contain any explicit depen-
dence on the angular variable θ. In the general case, the amplitudes ∆GEN,MN
depend on the θ variable. The effect of the TPE contributions for the polar-
ization at an arbitrary scattering angle is expected to increase as q2 increase,
as the TPE amplitudes decrease more slowly with q2 in comparison with the
nucleon FFs.
Using the properties of the TPE amplitudes with respect to the cos θ →
− cos θ transformation, we can remove the contributions of the TPE effects
by constructing the following quantities. Let us introduce the terms Py(q
2, θ0)
and Py(q
2, π − θ0), which are integrals of the polarization Py(q2, θ) over the
angular regions connected by the above mentioned transformation
Py(q
2, θ0) =
θ0∫
0
Py(q
2, θ)dΩ, Py(q
2, π − θ0) =
pi∫
pi−θ0
Py(q
2, θ)dΩ.
Let us calculate the sum and the difference of these two quantities. At first
order of the coupling constant α, we obtain
DP (q2, θ0) = Py(q
2, θ0)− Py(q2, π − θ0) =
= −8πR√
τ
(1− R
2
τ
)−(3/2) sin(δMN − δEN)
[√
z +
1√
2
ln
∣∣∣∣∣
√
z −√2√
z +
√
2
∣∣∣∣∣
]
, (20)
where
R =
|GEN |
|GMN | , z = (1− x
2
0)(1−
R2
τ
),
and δMN(δEN) is the phase of the complex FF GMN(GEN). We can see that,
in this approximation, the quantity DP does not depend on the TPE contri-
bution. So, the phase difference of FFs can be correctly determined from this
quantity, if the ratio R is known.
Let us consider the ratio of the function Σ(q2, θ0), Eq. (17), calculated at two
values of θ0:
Σ(q2, θ1)
Σ(q2, θ2)
=
1− x1
1− x2 ·
4 + x1 + x
2
1 +
1
τ
(2− x1 − x21)R2
4 + x2 + x
2
2 +
1
τ
(2− x2 − x22)R2
, xi = cos θi, i = 1, 2
This ratio allows to determine R, minimizing systematic errors.
The magnitude of the TPE contribution to the polarization Py, integrated over
the considered angular region, can be obtained from the sum of the quantities
introduced above
ΣP (q2, θ0) =Py(q
2, θ0) + Py(q
2, π − θ0) =
11
=
8π√
τ
θ0∫
0
d cos θ
sinθ
DB
{
cos θIm(GMN∆G
∗
EN −GEN∆G∗MN)−
2
cos θ
DB
ImGMNG
∗
EN
[
(1 + cos2 θ)ReGMN∆G
∗
MN + (21)
sin2 θ
τ
ReGEN∆G
∗
EN
]
−
√
τ − 1
τ
[
ImGENA
∗
N + 4
cos2 θ
DB
ImGMNG
∗
ENReGMNA
∗
N
]}
,
where
DB = (1 + cos
2 θ)|GMN |2 + sin
2 θ
τ
|GEN |2.
Let us consider the single–spin asymmetry induced by the transverse polar-
ization of the electron or positron beam. The leptonic tensors corresponding
to an arbitrary polarized electron beam have the form
L(v)µν (se) = 2ime < µνseq >,
L(i)µν(se) =−2me[−k2 · segµν + k2µseν + k2νseµ + k1µseν − k1νseµ], (22)
where seµ (se · k1 = 0) is the electron polarization four–vector.
Then the asymmetry can be written as
Ae = 4
me√
q2
β
DB
ImGMNA
∗
N (
~ˆk × ~ˆp) · ~ξ, (23)
where ~ξ is the unit vector along the polarization of the electron in its rest
system. Ae is determined by the electron spin vector component which is
perpendicular to the reaction plane. It vanishes in the Born approximation
as it is determined by the imaginary part of the product GMNA
∗
N , i.e., by
the spin structure induced by the TPE contribution. The same term defines
the magnitude of the Pxy and Pyx components of the polarization correlation
tensor of the nucleon and antinucleon. Moreover, Ae is proportional to the
electron mass and vanishes for scattering angles θ = 00 and 1800.
4 Double–spin polarization observables
If one of the colliding beam is longitudinally polarized then the antinucleon
acquires x− and z−components of the polarization, which lie in the e+e− →
12
NN¯ reaction plane. These components can be written as (we assume 100 %
polarization of the electron beam)
Px=−2 sin θ√
τD
[
Re(GMNG
∗
EN +GMN∆G
∗
EN +GEN∆G
∗
MN)−
−
√
τ − 1
τ
cos θReGENA
∗
N
]
, (24)
Pz =
2
D
[
cos θ(|GMN |2 + 2ReGMN∆G∗MN) +
√
τ − 1
τ
sin2 θReGENA
∗
N
]
.
These polarization components are T–even observables and they are non–zero
also for the elastic electron–nucleon scattering in the Born approximation.
Note that in the Born approximation we obtained the result of Ref. [25].
Transversally polarized electron beams lead to a polarization for the antinu-
cleon, which is a factor (me/m) smaller than for the case of the longitudinal
polarization of the electron beam.
The polarization component Pz vanishes when the proton is emitted at an
angle θ = 900 in the Born approximation. But the presence of the TPE term
AN in the electromagnetic hadron current may lead to non–zero value of this
quantity if the amplitude AN(θ = 90
0) is not zero, since the value of this
component is determined by the term ReGENA
∗
N .
Let us consider the case when the produced antinucleon and nucleon are both
polarized. The corresponding hadronic tensors can be written as
H(v)µν (2)=C1gµν + C2PµPν + C3(Pµs1ν + Pνs1µ) + C4(Pµs2ν + Pνs2µ) +
C5(s1µs2ν + s1νs2µ) + iC6(Pµs1ν − Pνs1µ) + iC7(Pµs2ν − Pνs2µ),
H(i)µν (2)= iAN
[
2
τ − 1(GMN −GEN)
∗Pν < µs1s2P > +
G∗MN(m
2 < µνs1s2 > +q · s1 < µνs2p1 > +q · s2 < µνs1p2 > −
p1µ < νs1s2p2 > −p2ν < µs1s2p1 > −
s2µ < νp2s1p1 > −s1ν < µp2s2p1 >)
]
, (25)
where s2µ is the nucleon polarization 4-vector (p2 · s2 = 0). We omitted the
terms proportional to qµ or qν , since they do not contribute to the cross section
and to the polarization observables due to the conservation of the leptonic
current. The antisymmetrical part of the tensor H(v)µν (2) arises from the fact
that nucleon FFs in the TL region are complex quantities.
The structure functions Ci have the following form
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C1=
1
2
(q2s1 · s2 − 2q · s1q · s2)|G˜MN |2,
C2=
2
(τ − 1)2 [|τG˜MN − G˜EN |
2s1 · s2+
1
2m2
(2q · s1q · s2 − q2s1 · s2)|G˜EN − G˜MN |2
]
,
C3=ReE1, C4 = ReE2, C5 = −q
2
2
|G˜MN |2,
E1=
q · s2
τ − 1(τ |G˜MN |
2 − G˜ENG˜∗MN), E2 = −
q · s1
τ − 1(τ |G˜MN |
2 − G˜ENG˜∗MN),
C6= ImE1, C7 = ImE2. (26)
It follows that the components of the polarization correlation tensor Pik, (i, k =
x, y, z), of the nucleon and the antinucleon, in presence of the one–photon–
exchange plus two–photon–exchange mechanisms in the e+ + e− → N + N¯
process, have the following expressions:
Pxx=
sin2θ
τD
[
τ(|GMN |2 + 2ReGMN∆G∗MN) + |GEN |2 + 2ReGEN∆G∗EN
]
,
Pyy =
sin2θ
τD
[
|GEN |2 + 2ReGEN∆G∗EN − τ(|GMN |2 + 2ReGMN∆G∗MN)
]
,
Pzz =
1
τD
[
τ(1 + cos2 θ)(|GMN |2 + 2ReGMN∆G∗MN)− sin2 θ(|GEN |2 +
2ReGEN∆G
∗
EN)− 4
√
τ(τ − 1) cos θReGMNA∗N
]
,
Pxz =Pzx = −2 sin θ√
τD
[
cos θRe(GMNG
∗
EN +GMN∆G
∗
EN +GEN∆G
∗
MN)−√
τ − 1
τ
ReGENA
∗
N
]
. (27)
For completeness we give also the non–zero coefficients in case of longitudinally
polarized electron beam
Pxy =Pyx = − 1
D
√
τ − 1
τ
sin2θImGMNA
∗
N ,
Pzy = Pyz =
sinθ√
τD
Im(GMNG
∗
EN +GMN∆G
∗
EN −GEN∆G∗MN +
+
√
τ − 1
τ
cos θGENA
∗
N). (28)
One can easily verify that the following relation holds:
Pxx + Pyy + Pzz = 1.
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Let us note the following properties for these coefficients.
- The components of the tensor describing the polarization correlations Pxx,
Pyy, Pzz, Pxz, and Pzx are T–even observables, whereas the components Pxy,
Pyx, Pyz, and Pzy are T–odd ones.
- In the Born approximation the expressions for the T–odd polarization cor-
relations coincide with the corresponding components of the polarization cor-
relation tensor of baryon B and antibaryon B¯ created by the one–photon–
exchange mechanism in the e+e− → BB¯ process [25] 3 .
- The relative contribution of the interference terms (between one- and two–
photon–exchange terms) in these observables will increase as the value q2
becomes larger since it is expected that the TPE amplitudes decrease more
slowly with q2 compared with the nucleon FFs.
At the reaction threshold, the polarization correlation tensor components have
some specific properties:
- All correlation coefficients (both T–odd and T–even) do not depend on the
function AN .
- In the Born approximation the Pyy observable is zero, but the presence
of the TPE term leads to a non–zero value, determined by the quantity
ReGN (∆GEN −∆GMN)∗.
- At the scattering angle θ = 900 we have the relation Pyy + Pzz = 0.
- The Pxy and Pyx observables are zero, and Pyz and Pzy observables are
determined by the TPE term only, namely by the quantity ImGMN(∆GEN −
∆GMN)
∗.
3 The expressions in Eq. (24) of Ref. [25] should be:
Pxx =
sin2θ
τD
[τ |GMN |2 + |GEN |2],
Pyy =
sin2θ
τD
[|GEN |2 − τ |GMN |2],
Pzz =
1
τD
[τ(1 + cos2 θ)|GMN |2 − sin2 θ|GEN |2],
Pxz =Pzx = −2sin 2θ√
τD
Re[GMNG
∗
EN ],
Pxy =Pyx = 0,
Pzy =Pyz =
sinθ√
τD
Im(GMNG
∗
EN ).
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5 Conclusions
Precise measurements of the elastic electron–hadron scattering arised the ques-
tion of the importance of the TPE mechanism. This problem enters also in
the determination of the nucleon FFs in the TL region investigated with the
e+ + e− → N + N¯ reactions, since this process is a crossed channel of the
elastic electron–nucleon scattering.
The influence of the TPE contribution on the observables of the e++e− → N+
N¯ reaction was investigated in detail starting from a general parametrization
of the relevant matrix element. The expressions for the differential cross section
and various polarization observables (such as the antinucleon polarization, the
polarization correlation coefficients of the produced NN¯ pair, the polarization
of the antinucleon due to the electron longitudinal polarization, and the single–
spin asymmetry caused by the transverse polarization of the electron beam)
were derived in terms of three complex amplitudes.
Using the properties of these amplitudes with respect to the cos θ → − cos θ
transformation, it was shown how one can remove or enhance the TPE con-
tribution from various observables. The TPE effects have been singled out in
particular observables, when possible.
We showed that the real part of the TPE matrix element can be accesssed
through the difference between the differential cross sections measured at an-
gles θ and π−θ, whereas for the imaginary part of the TPE matrix element one
needs the measurement of the single–spin observables (the asymmetry caused
by a transversely polarized electron beam or by the nucleon or antinucleon
polarization when all the other particles are unpolarized).
Single–spin observables such as the polarization of the produced proton in
e+e− annihilation may be more difficult to measure than in the electron–proton
elastic scattering, due to luminosity. On the other hand, angular distribution
is easier to achieve as it is necessary to make measurements at different an-
gles, with fixed beam energy, whereas in scattering reactions measurements
should be done at fixed momentum transfer squared, which requires to change
simultaneously beam energy and scattering angle.
The present analysis of the TPE effects in the e+ + e− → N + N¯ reaction
should be helpful for the experimental investigation of the TL nucleon FFs
planned in near future at Frascati and Novosibirsk.
These results complete our previous work on model independent derivation of
polarization observables in the electron–proton elastic scattering and in the
crossing channels, e+ + e− → N + N¯ and N + N¯ → e+ + e−.
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